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CorrosionAbstract This study is planned to investigate the properties of Portland cement mixtures contain-
ing silica fume and mixed with saturated lime water. The conducted Portland cement mixes included
three groups; cement pastes, cement mortars and cement concrete mixes. The main parameters
were; type of mixing solution (water or lime-water) as well as the percentage of Portland cement
replaced by silica fume. Consistency level, times of initial and ﬁnal settings, compressive strength
development, existence and intensity of CH crystals with age, pozzolanic activity as well as efﬁ-
ciency of the investigated matrices to delay the corrosion of embedded steel bars were the investi-
gated properties.
Test results show that using lime-water in mixing enhances consistency degree compared to the
corresponding control mixes. Furthermore, it delays both initial and ﬁnal setting times compared
with traditional water due to the common ion effect principles. Moreover, combined use of lime-
water and silica fume enhances the pozzolanic reaction that was identiﬁed by the strength develop-
ment at both early and later ages. The existence of CH crystals for higher percentages of silica fume
(up to 30%) for further reaction at later ages was observed by XRD results. Moreover, combined
use of silica fume and lime-water ensures a high alkaline media around steel bars from the moment
of ingredients mixing as long as later ages despite of pozzolanic reaction that was identiﬁed from
results of chloride attack.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
Several researchers have studied the use of pozzolanic materi-
als as a mineral addition to cement based composites to obtain
construction materials of enhanced engineering properties.
This is due to their inﬂuence on microstructure and durability
of the blended cement composites [1–3].
The sources of the mineral admixtures are the by-products
of many industries. The common types of minerals from indus-
trial by-products are ﬂy ash, rice husk ash, silica fume (SF) or
condensed silica fume (CSF), blast furnace slag and other
248 M.A.A. Abd Elaty, M.F. Ghazyslags. The uses of these minerals result in ecological, economic
and energy saving considerations [4].
As reported by many authors, supplementary cementing
materials such as SF have a beneﬁcial inﬂuence on reinforced
concrete durability [5]. Laboratory tests of silica-fume con-
cretes have shown a reduction of concrete water permeability
and concrete chloride diffusion coefﬁcients [6]. Factors such
as ﬁneness, water to cementitious materials ratio, curing tem-
perature and alkalinity of the pore solution have been thor-
oughly examined in an attempt to explain the reactivity of
this material and relate its pozzolanic potential with the evolu-
tion of the hydration procedure [7].
A pozzolanic material requires calcium hydroxide Ca(OH)2
or (CH) in order to form strength producing products
(pozzolanic activity); whereas a cementations material con-
tains quantities of CaO and can exhibit a self-cementitious
(hydraulic) activity. Usually, the CaO content in these materi-
als is not enough to react with all quantities of the pozzolanic
compounds; thus, they also exhibit pozzolanic activity
(pozzolanic and cementitious materials). However, these mate-
rials are used in combination with Portland cement, which
yields on its hydration, the CH essential for their activation [8].
Authors of Ref. [9] reported that SF exhibits higher pozzo-
lanic activity than metakaolin whereas ﬂy ash exhibits lower
one compared to that of metakaolin. This is due to chemical
and mineralogical compositions, pozzolanic activity, ﬁneness
. . . etc.
Replacing some of the cement content in concrete mix by
mineral admixtures is being the recommended aim due to pol-
lution problems. But replacing of cement in concrete by min-
eral admixtures produces an immediate dilution effect [10].
However an increase in the strength of concrete was observed
at later ages. This is due to the well-known chemical reaction
between pozzolans and CH released from C3S and C2S
hydration.
In essence, the liberated CH crystals are responsible for the
formation of the passive layer around the reinforcement of
reinforced concrete members. But when highly active pozzolan
materials are used in cement based mixes, they remove CH
from the system and accelerate the ordinary Portland cement
hydration.
Hydrated lime was used as an admixture in poured concrete
in the beginning of the 20th century [11]. This was due to the
improved water tightness and impermeability. However, this
use has largely disappeared due to increasing strength, ﬁner
grinding of Portland cement and the interaction of the chemi-
cal admixtures. From other points of view, the employment of
pozzolan mixed with lime, of similar ﬁneness to that of the
OPC, will reduce the risk of concrete decalciﬁcation, even for
large substitution volumes, starting by the pH rising of the
water contained in pores, which would prevent the reinforce-
ment passive protection [12]. Moreover, the effects of hydrated
lime and SF on ﬂy ash concrete in improving its early age
strength and other properties were studied [13]. The air perme-
ability of concrete containing lime and SF either decreased or
remained almost the same when compared to the concrete
without these ones. The addition of lime and SF also improved
the sorptivity of concrete.
Due to the trend of using friendly environmental materials
in the ﬁeld of cement and concrete industries, complete utiliza-
tion of cementitious and pozzolanic by-products is highly rec-
ommended [14,15]. However, the need for increased use ofsupplementary cementing materials in concrete requires more
available CH, which was tried through using lime putty addi-
tion to concrete mixes. Lime putty addition has been already
proved beneﬁcial for durability properties [16].
Authors of Ref. [17] determined compressive strength of SF
mortar having proportion 1:1:6 (cement + silica fume:lime:
sand). They concluded that in Portland cement mortars, SF
acts mainly at the interface paste-aggregate, where there is a
higher concentration of CH and greater porosity than in paste.
In Portland cement mortars with SF, lime is better suited in the
paste and there is no evidence of concentration of SF at the
interface of paste and aggregate.
Through the use of differential scanning calorimetry and
thermo gravimetric analysis (DSC/TG), it was demonstrated
that the addition of hydrated lime increased the Ca(OH)2
content; whereas the addition of SF decreased the Ca(OH)2
content in the cement paste. The mercury intrusion porosime-
try (MIP) data conﬁrmed the beneﬁcial action of hydrated lime
and SF, toward decreasing the total pore volume of ﬂy ash
cement paste [13].
Since the pozzolanic reaction needs CH crystals to occur
and keeping in mind that a period to be waited until the release
of the CH crystals as a product of cement hydration and even
after the release of CH crystals they will be consumed by poz-
zolanic materials through the pozzolanic reaction. All of these
draw our attention to the importance of early supply cement
based mixes with CH at early ages. This could be achieved
by using saturated lime-water LW instead of water W in mix-
ing. Therefore, the objective of the current study is to investi-
gate the inﬂuence of using LW in comparison with traditional
mixing W on setting, hardening and corrosion properties of
Portland cement based mixes modiﬁed by SF.Research signiﬁcance
Pozzolanic reaction for Portland cement based mixes requires
CH crystals to take place. Release of CH crystals is based on
hydration of C2S and C3S crystals which is a function of time.
It takes a relatively short period for hydration of C3S whereas,
for C2S it needs a relatively long period. Consequently, the
pozzolanic reaction is delayed up to the release of CH crystals.
This paper introduces an idea for early supply of the Port-
land cement mixes containing SF with CH crystals through
using LW as a solution in mixing instead of traditional W.
So, the main goals of this paper are to:
o Study of the consistency level as well as setting properties of
Portland cement based materials containing SF and mixed
with LW solution.
o Investigate the hydration process of Portland cement based
materials containing SF and mixed with LW.
o Explore the inﬂuence of using LW as a mixing solution on
corrosion of steel imbedded in Portland cement base mixes
containing SF.
Experimental program
An experimental program to evaluate the performance of
Portland cement based materials containing SF and mixed
Table 1 Schedule of program for cement paste mixes and results of Vicat test.
Code of cement paste mix Type of mix solution SF, (%) W/(C + SF) TDS (PPm) Setting time (min)
Initial Final
P0W (control) W – 0.3 1000 105 215
P025LW (25 + 75)
(LW+W)
– 0.3 1000 105 220
P050LW (50 + 50)
(LW+W)
– 0.3 1100 115 235
P10W W 10 0.33 1000 160 220
P20W 20 0.38 1000 165 265
P30W 30 0.45 1000 150 275
P40W 40 0.54 1000 135 300
P0LW (control) LW 0 0.3 1900 135 245
P10LW 10 0.33 1900 170 250
P20LW 20 0.38 1900 195 288
P30LW 30 0.45 1900 165 295
P40LW 40 0.54 1900 150 330
Table 2 Schedule of program for mortar mixes.
Code of mortar mix Type of mix solution SF (%) Mix proportion by weight Tests
M0W (control) W 0 1:2.5:0.5
C + SF:S:WM10W 10
M20W 20
M30W 30 –Compressive strength at (3, 7, 28 and 60) days
M0LW (control) LW 0 1:2.5:0.5
C + SF:S:LWM10LW 10
M20LW 20
M30LW 30
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iﬁed mixes against chloride attack was conducted. Tables 1–3
present the schedule of the experimental program.
Materials
Cement
Ordinary Portland cement with Grade 42.5 MPa was used in
this investigation. The used cement conforms to the Egyptian
Standard Speciﬁcations (ES) requirements (4756-1/2005).
Hydrated lime
Hydrated lime meets the speciﬁcations of ASTM Designation
C 207 Standard Speciﬁcation type N was used as a saturated
lime solution (lime-water LW) instead of tap water W in the
proposed mixes. Partial saturated solutions were tried as
mixing solutions. The partial saturation percentages were
achieved through preparing solutions of LW and traditional
W as 0%, 25%, 50% and 100% W to LW solution ratio by
volume. LW with pH value of 11 was used for mortar and con-
crete mixes. On the other hand, saturated solution as a mix
with W with different replacement percentages as 0%, 25%,
50%, and 100% by volume of W was used for cement paste
mixes. The prepared mixtures had pH values as 8, 9, 10 and
11, respectively. The corresponding measured total dissolvedsalts’ TDS values were 1000, 1000, 1100 and 1900 ppm for
the mixtures in the same order, respectively. Details of these
parameters are shown in Table 1.
Aggregates
Medium well-graded sand of ﬁneness modulus 2.27 was used.
Natural well-graded gravel of 20 mm maximum nominal size
was used; it included a combination of round and angular par-
ticles. The ﬁne and coarse aggregates conformed to the ES
requirements (1109-2002). The grading curves for the used
aggregates are given in Fig. 1.
Silica fume
SF of mineral admixtures was used as a replacement of cement
by weight. It had 150,000 cm2/g speciﬁc surface areas as given
by the manufacturer.
Specimen fabrication and component tests
In general, LW was made using hydrated lime by the addition
of W to make a solution with the consistency of whole milk. In
terms of solid (lime) content, this works out to be a mixture
that was approximately 15–20% lime and 80–85% water after
this procedure the soluble was left for enough time to deposit,
and then the clear water of saturated lime was used.
Table 3 Schedule of program for concrete mixes.
Code of concrete mix Type of mix solution SF (%) Mix proportion by mass Tests
Fresh Hardened
C0W (control) W 0 400:0:675:1015:200
C:SF:S:G:W
C10W 10 360:40:675:1015:200
C:SF:S:G:W
C20W 20 320:80:675:1015:237
C:SF:S:G:W
C30W 30 280:120:675:1015:250
C:SF:S:G:W
– Slump
– Setting times
– Compressive strength at
(3, 7, 28 and 60) days
– Attack to NaCl at 28 days
C0LW (control) LW 0 400:0:675:1015:200
C:SF:S:G:Lw
C10LW 10 360:40:675:1015:200
C:SF:S:G:Lw
C20LW 20 320:80:675:1015:237
C:SF:S:G:Lw
C30LW 30 280:120:675:1015:250
C:SF:S:G:Lw
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Twelve cement paste mixes were designed to study the effect of
LW on cement hydration and the interaction with the SF. Ce-
ment pastes of standard consistency were prepared according
to ASTM C 187–98 [18] by using a Vicat apparatus. SF with
0%, 10%, 20%, 30% and 40% replacement by cement weight
was investigated by using ordinary W and LW. Table 1 pre-
sents the cement pastes under investigation and the results of
Vicat test. The specimens in their molds (Vicat molds) were
covered with a plastic sheet and kept in the casting room at
20(±1) C for 24 h. These were then demolded and covered
with a plastic sheet where they remained until the required
age for XRD testing. XRD patterns of the hydrated samples
were recorded at 3, 7, 28 and 60 days using a GNR APD
2000 PRO model X-ray diffractometer (CuKa a radiation,
40 kV, 30 mA) in a scanning range of 5–65 in 2h scale. The
testing rate that was applied was 0.02/s for all test specimens.
Cement mortar mixes
Eight mortar mixes were cast and tested. Mortar cubes mea-
suring 70 · 70 · 70 mm were made to record the compressive
strength of mortar up to 60 days. SF with 0%, 10%, 20%
and 30% replacement by cement mass was conducted (refer
to Table 2). A universal testing machine of 300 kN total capac-
ity was used. An electrical driven mechanical mixer of 3 L total
capacity was used. The mixing procedure includes pre-mixing
the SF (when present) with the cement, adding the mixing W
or LW when applied until wet, and then adding the aggregate
in the preparation for ﬁnal blending. Final mixing proceeded
for 3 min, was halted for one minute while the mixing bowl
walls were scraped down, and resumed for a second period
of 2 min. The mixes were cast in steel cubes molds and were vi-
brated for 2 min. on a vibrating machine (IS: 10080-1982) to
aid in consolidation. All cubes were demolded after 24 h with
some being set aside to comprise the 1-day samples. The
remainder was placed in water and cured until the age of
testing.Concrete mixes
Eight concrete mixes were cast and tested. SF with 0%, 10%,
20% and 30% replacement by cement mass was investigated.
Concrete cubes measuring 150 · 150 · 150 mm were prepared
to follow the compressive strength gain of concrete up to
60 days (refer to Table 3), a hydraulic testing machine of
1550 kN total capacity was used. The concrete mixes were
mixed as the same sequences were established for mortar mixes
using mechanical mixer of 100 L capacity. After complete mix-
ing, slump test according to the procedure described in Egyp-
tian Code ECP 203:2009 and ASTM C143 standards and
setting time test according to ASTM C 403/C 403M-99 was
conducted. All specimens were cured by immerging in a water
tank at 20 C until the day of testing and for a total curing per-
iod of 28 days. After 28 days, the specimens were left in labo-
ratory conditions. Moreover, the inﬂuence of these modiﬁed
concrete mixes on steel corrosion resistance was investigated
using concrete cube specimens of 150 mm side dimension.
The specimens were prepared and steel bar of 10 mm diameter
was placed in the center of the concrete cube to 100 mm depth.
The specimens were exposed to 5% NaCl solutions at a depth
of 50 mm in ﬁberglass container after 28 days from casting and
curing. An external DC voltage was imposed on the concrete
specimen in order to accelerate the process of corrosion. The
voltage, the driving force for corrosion, was maintained con-
stant at 18 V throughout the study. The source of the applied
voltage was a power supply capable of providing DC of 40 V
and 5 A. Stainless steel bar with 10 mm diameter was used as
a cathode and the steel bar acts as an anode up to the cutting
of the electrical cell due to the cutting of the steel bars and/or
for overall 260 days.
Fig. 2 shows the accelerated corrosion cell arrangement.
After then the specimens were taken out from the container
and the steel reinforcement was extracted from the specimens
and then cleaned carefully to remove the rust from the steel
bars. Then the steel reinforcement bars were weighted and
the percentages of weigh loss were calculated.
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Fig. 1 Grading of the used aggregates.
Fig. 2 The accelerated corrosion cell arrangement.
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Fig. 3 Initial and ﬁnal setting times for cement pastes.
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The following sections present the properties of Portland ce-
ment based materials mixed with either W or LW solution.
Consistency level, setting properties, hydration process as well
as corrosion rate of embedded steel bars were the main prop-
erties evaluated in this study.
Initial and ﬁnal setting times
Cement paste mixes
To investigate the inﬂuence of using LW solution as a mixing
solution, a preliminary study aimed at evaluating the degree of
saturation on setting properties was conducted. The results of
this study are given in Table 1. The tried degrees of saturations
were 0%, 25%, 50% and 100%. The recorded initial times of
setting were 105, 105, 115 and 135 min for the conducted
mixes, respectively. Whereas, the ﬁnal setting times for the
same mixes were 215, 220, 235 and 245 min, respectively. These
results concluded that the best retardation was achieved by
using LW at 100% degree of saturation.
The results of both initial and ﬁnal setting times are pre-
sented in Fig. 3 for the mixtures of W and LW. Two series wereconducted; ﬁrst one was conducted using W as a mixing solu-
tion whereas, second one was conducted using LW as a mixing
solution. For both series, SF was used as a partial replacement
of cement by weight. The conducted replacement ratios were
0%, 10%, 20% 30% and 40%.
For mixes made up of W and containing SF, it can be no-
ticed from Fig. 3 that mixes containing SF caused a delay in
initial setting times which was observed compared to the con-
trol mix P0W. The initial setting time values are 105, 160, 165,
150 and 135 min for mixes P0W, P10W, P20W, P30W and
P40W, respectively. The maximum retardation of initial set-
ting time was recorded for mix P20W with 57.14% over the
control mix P0W. Moreover, the ﬁnal setting time values
were 215, 220, 265, 275 and 300 min for mixes P0W, P10W,
P20W, P30W and P40W, respectively. The maximum increase
in the retardation was recorded at 40% replacement as 39.5%
over the control mix P0W. The noticed retardation in both
initial and ﬁnal setting times for mixes containing SF and
mixed with W agree well with many previous studies as Als-
hamsi et al. [19] and Qing et al. [20]. The retardation part
due to SF agree well with results of Ref. [21] which could
be related to the higher speciﬁc surface area for SF that
requires an increase of water demand to achieve the standard
consistency.
On the other hand when using LW as a solution in mixing,
a shift in both initial and ﬁnal setting times indicating retarda-
tion in both times was noticed compared with using W, as
given in Fig. 3.
This retardation could be explained as the hydration of
C3A is retarded by CH ions which react with C3A and water
to form C2AH8 and C4AH19 that form a protective layer or
coating on the surface of un-hydrated grains of cement. Upon
conversions of these initially formed hydrates to cubic C3AH6,
the barrier is disrupted and the hydration proceeds again with
a fairly high speed [22].
The values of initial setting times for cement pastes made
up of LW and SF were recorded as 135, 170, 195, 165 and
150 min for mixes P0WL, P10LW, P20LW, P30LW and
P40LW, respectively. Whereas, the ﬁnal setting times were re-
corded as 245, 250, 288, 295 and 330 min for the same mixes,
respectively. The maximum delay in initial setting time was re-
corded for mix P20LW as 44.4% over the control mix P0LW
whereas, the biggest delay in ﬁnal setting time was recorded
for mix P40LW as 34.7% over the control mix P0LW. In
general, using both SF and LW in a cement paste mix tend
to delay both initial and ﬁnal setting times.
100
200
300
400
500
600
0 10 20 30 40
SF %
Se
tti
ng
 ti
m
e,
 m
in
initial, W
initiall, Lw
final, W
final, Lw
Fig. 4 Initial and ﬁnal setting times for concrete mixes.
0
2
4
6
8
10
12
14
16
M0W M0LW M10W M10LW M20W M20LW M30W M30LW
Mortar mix code
C
om
pr
es
si
ve
 st
re
ng
th
, M
Pa 3 days 7 days 28 days 60 days
Fig. 5 Compressive strength for mortar mixes at different ages.
252 M.A.A. Abd Elaty, M.F. GhazyConcrete mixes
The results of consistency level for the conducted concrete
mixes mixed with either W or LW are given in Table 5. The
measured slump values were 170, 115, 90 and 90 mm for mixes
C0W, C10W, C20W and C30W, respectively. Whereas, the
corresponding values for mixes C0LW, C10LW, C20LW and
C30LW were 195, 135, 120 and 115 mm, respectively. It could
be noticed that from 20 to 30 mm enhancement in the consis-
tency level was achieved by replacing traditional water W by
LW for the investigated mixes.
On the other hand, the results of the initial and ﬁnal setting
times for different concrete mixes are presented in Table 5 and
Fig. 4.
Mixes mixed using LW seem to be delayed in initial setting
times. Moreover, the delay exceeds with higher SF content.
The values of initial setting times were recorded as 200, 240,
270 and 327 min for mixes C0W, C10W, C20W and C30W,
respectively. Whereas, the corresponding values for mixes
C0LW, C10LW, C20LW and C30LW were 254, 291, 333
and 366 min, respectively. The maximum delayed values were
recorded at 30% SF for both mixes made up of W and LW.
The curve representing initial setting times for mixes made
up of LW seem to be parallel to that for mixes prepared with
water. This shift could be considered as the inﬂuence of using
LW in causing the retardation. The maximum delayed periods
for mixes mixed with W were noticed at 30% SF as 63.5% for
mix C30W over the control mix C0W. Whereas, the maximum
delay in initial setting time was recorded at 30% SF mixed with
LW was 44.1% over mix C0LW.
The difference in initial setting time between mix C30LW
and C0W gives the combined effect of both SF and LW inTable 4 Test results of mortar mixes’ compressive strength at diffe
Mix Code Type of mix solution SF, %
M0W (control) W 0
M10W 10
M20W 20
M30W 30
M0LW (control) LW 0
M10LW 10
M20LW 20
M30LW 30the retardation of the initial setting time that achieves 83%
over that of the control mix C0W.
The trend previously noticed with initial setting times was
noticed for ﬁnal setting times as well. Moreover, the maximum
delay in ﬁnal setting time for mixes containing SF and mixed
with W was noticed at 30% SF which approaches 56.67% over
the control mix C0W. The highest delay of ﬁnal setting times
for mixes mixed with LW was noticed at 30% SF that ap-
proaches 41.77% over the corresponding control mix C0LW.
The combination inﬂuence of both SF and LW gives the high-
est value for delay in ﬁnal setting times that is the difference
between ﬁnal setting times for C30LW and C0W. The delay
of ﬁnal setting time approaches the maximum value at
C30LW compared to C0W. The recorded delay was 86.67%
over control mix C0W.
Compressive strength development
Strength development for mortar mixes
Two groups of Portland cement mortar mixes were conducted.
The ﬁrst group was mixed with W and contained different per-
centages of SF as partial replacement of cement by weight. The
compressive strength was investigated at 3, 7, 28 and 60 days.
The results are presented in Table 4 and Fig. 5. It could be no-
ticed that the compressive strength for mortar mixes increases
with the increase of SF replacement with cement by weight up
to a certain SF content beyond which the strength was de-
creased. The maximum enhancement in compressive strength
was achieved at 20% SF for mix M20W as 14.6% over the
control mix M0W at 60 days age. Whereas, for the second
group that was mixed with LW, at early ages, the compressiverent ages.
Compressive strength (MPa)
3 7 28 60
4.1 5.8 7.7 8.9
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3.4 5.0 8.2 10.2
3.3 5.2 8.1 10.1
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4.0 6.0 9.2 10.7
4.3 7.3 10.5 12.4
4.4 7.2 11.5 13.5
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Performance of Portland cement mixes containing silica fume 253strength values seem to be higher compared to those for corre-
sponding mortar mixes made up of W at similar ages. More-
over, and with increasing the SF content, the measured
compressive strength was increased up to the maximum inves-
tigated SF content 30%, the same trend was noticed at all the
investigated ages 3, 7, 28 and 60 days. The maximum enhance-
ment was recorded at 30% SF for mix M30LW as 51.7% over
the control mix M0W as shown in Fig. 5. In contrary and for
the mix without SF M0LW a reduction of the compressive
strength was noticed at all ages.
C0W C0LW C10W C10LW C20W C20LW C30W C30LW
Concrete mix  index
Fig. 6 Compressive strength for concrete mixes at different ages.
Strength development for concrete mixes
Two groups of concrete mixes were investigated for compres-
sive strength development. The ﬁrst one was a series of Port-
land cement concrete mixes mixed with W and contained 0,
10, 20 and 30% SF and indexed as C0W, C10W, C20W and
C30W, respectively. Moreover, the second group was mixed
with LW and contained 0, 10, 20 and 30% SF and indexed
as C0LW, C10LW, C20LW and C30LW, respectively. The
compressive strength results for both groups are presented in
Table 5 and Fig. 6.
For the ﬁrst group, it could be noticed that the compressive
strength increases with the increase of SF content up to a cer-
tain content beyond which the strength was decreased. Fig. 6
shows that at 20% SF, higher strengths have been achieved
at 28 and 60 days age. The maximum enhancement at 60 days
age was 12.1% for C20W over the control mix C0W.
For the second group for which LW was used, it could be
noticed that the measured compressive strength increased with
the increase of SF content up to the maximum used SF content
30%. Remarkable enhancements were recorded at both early
ages and late ages as well. For mix C30LW the enhancements
were 20.95%, 30%, 20% and 33.2% over the control mix C0W
at 3, 7, 28 and 60 days age, respectively.
For mix without SF and mixed with LW (mix C0LW) a
reduction of the measured compressive strength values was no-
ticed at all ages compared to mix C0W and 10.7% decrease of
the compressive strength was recorded at 60 days age. This
reduction may be due to the retardation phenomena previously
noticed with setting times.Consumptions of CH crystals
To follow up the pozzolanic reaction of SF with and without
LW, XRD analysis was conducted at different ages and the
patterns are shown in Figs. 7–11.Table 5 Test results of concrete mixes.
Mix code Type of mix solution SF (%) Slump (mm)
C0W (control) W 0 170
C10W 10 115
C20W 20 90
C30W 30 90
C0LW (control) LW 0 195
C10LW 10 135
C20LW 20 120
C30LW 30 115The consumptions of CH crystal contents could be demon-
strated approximately by intensity changes of main diffraction
peaks of CH crystals, such as B1 crystal face, as well as B2 and
B3 crystal faces (d= 0.490, 0.310 and 0.263 nm, respectively
[20], where d; lattice spacing in a crystalline sample as given
by the well-known Bragg’s law). At the same ages, diffraction
peak intensities of B2 and B3 crystal faces of CH for the inves-
tigated samples were almost close to those for control samples.
In contrary, noticeable differences were recorded at the inten-
sities of B1 crystal face.
Considering the intensities of B1 it could be noticed that the
intensity values for all mixes mixed with LW are higher when
compared to the corresponding mixes mixed with W. The
trend was noticed for mixes without SF as well as those con-
taining 10%, 20% and 30% SF at different ages as given in
Figs. 7–11.
Due to the high content of CH crystals contained in mixes
made up of LW it can help maximizing the replacement of ce-
ment by SF. Fig. 11 shows the XRD patterns for all mixes con-
taining 30% SF at different ages. Moreover, it could be
realized that at early ages, the intensity of CH crystals is higher
for mixes made up of LW compared to those mixed with W,
whereas, at 60 days age, the CH crystals are consumed in
mix containing 30% SF and there was still an amount of
CH crystals in the mix C30LW available for further pozzolanic
reaction to take place to form more of Calcium Silicate Hy-
drate CSH. This result supports the enhancement in compres-
sive strength especially at later ages for mortar and concrete
mixes at higher percentages of SF and LW compared to mixes
made up of W.
On the other hand, since the CSH phase is nearly amor-
phous material, its structure cannot be studied by XRD [22].
The measured compressive strengths could be considered asSetting time (min) Compressive strength (MPa)
Initial Final 3 7 28 60
200 300 10.5 18.0 26.0 28.0
240 330 10.0 19.0 23.4 25.0
270 420 8.5 17.5 29.0 31.4
327 470 8.1 15.5 27.5 30.8
254 395 9.0 15.2 23.4 25.0
291 405 11.0 20.0 30.0 33.4
333 470 12.0 22.0 29.5 35.0
366 560 12.7 23.4 31.2 37.3
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Fig. 9 XRD patterns for cement pastes containing SF at 28 days age.
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Fig. 8 XRD patterns for cement pastes containing SF at 7 days age.
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Fig. 7 XRD patterns for cement pastes containing SF at 3 days age.
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Fig. 11 XRD patterns for cement pastes containing 30% SF at different ages.
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Fig. 10 XRD patterns for cement pastes containing SF at 60 days age.
Fig. 12 Interface between the corroded steel bars and concrete
(a; C0W and b; C30LW).
Fig. 13 Corroded steel bars due to chloride attach at the end of
the test (1; COW. 2; COLW, 3;C10W, 4; C10LW, 5; C20W, 6;
C20LW, 7; C30W, 8; C30LW).
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256 M.A.A. Abd Elaty, M.F. Ghazya measure for the formation of CSH resulting from both the
hydration process of cement as well as the pozzolanic reaction.
Corrosion resistance of modiﬁed concrete mixes
Using LW as a concrete mixing solution parallel with SF was
evaluated on corrosion characteristics. An accelerated corro-
sion test procedure was adopted as presented in Fig. 2. Periods
to ﬁrst crack as well as the mass loss measurements were the
evaluated parameters. Fig. 12 shows the interface between
the corroded steel bars and the surrounded concrete due to
the chloride attack while Fig. 13 shows the appearance of
the corroded bars.
Periods to ﬁrst crack are presented in Fig. 14. The periods
to ﬁst crack are 50, 90, 92 and 194 days for mixes C0W, C10W,
C20W and C30W, respectively. Whereas, for mixes mixed with
LW the corresponding elapsed periods are 54, 120, 140 and
260 days for C0LW, C10LW, C20LW and C30LW, respec-
tively. It could be noticed that using LW alone in mixing dose
not signiﬁcantly inﬂuences the elapsed time to ﬁrst crack.
Moreover, the replacing part of Portland cement with SF ex-
tended the period required for ﬁrst crack formation for mixes
mixed with water which may be related to the relatively dense
microstructure of mixes containing SF. Furthermore, a better
result of delaying the occurrence of the ﬁrst crack was achievedSF % 
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Fig. 15 Percentage of weight loss of the corroded steel bars due
to the chloride attack.
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Fig. 14 Time to ﬁrst crack for the attached concrete specimens.when both SF parallel with LW were used in concrete mixes.
This retardation may be due to the density of the structure
which is created when LW and SF are added to concrete mixes
as well as the formed passive layer surrounding steel bars.
Losses of embedded steel bars as an indicator for corrosion
resistance are presented in Fig. 15. Percentages of mass loss for
mixes mixed with W are 28.53, 18.96, 12.49 and 16.99% for
mixes C0W, C10W, C20W and C30W, respectively. Whereas,
for mixes mixed with LW the corresponding loss percentages
are 27.2%, 15.02%, 10.52% and 4.23% for mixes C0LW,
C10LW, C20LW and C30LW, respectively. Remarkable
enhancements in corrosion resistance are clear especially when
LW parallel with SF is used that is obvious from the results
presented in Figs. 12–15. With increasing SF in concrete mix
and with the existence of LW the microstructure becomes more
dense and the permeability is decreased which consequently
leads to better resistance to corrosion.
The positive results of using SF on retardation and making a
resistance to corrosion well agree with results of reference [23].Conclusions
Combined use of SF and LW in mixing Portland cement based
composites affects both fresh and hardened properties as well
as performance of concrete mixes. Based on the test results and
discussion, the following conclusions could be drawn for the
current study as follows:
 Replacing W by LW in mixing Portland cement concrete
mixes modiﬁed by silica fume enhances the consistency
degree. 20–30 mm increase in slump was recorded for the
investigated mixes.
 Using LW as a mixing solution delays both initial and ﬁnal
setting times for Portland cement based materials as well as
mixes containing SF. The maximum delay was recorded for
cement paste as 90 and 115 min for initial and ﬁnal setting
times for mixes P20LW and P40LW over the control mix
P0W, respectively.
 The combined use of SF and LW in Portland cement con-
crete mixes delayed both initial and ﬁnal setting times.
The maximum delay in initial setting time was noticed for
mix C30LW as 83% over the control mix C0W. Moreover,
86.67% delay of ﬁnal setting times was recorded for mix
C30LW over the control mix C0W.
 Using LW as a mixing solution delays the strength develop-
ment at early ages. Whereas, combined use of LW and silica
fume enhances both early and late strengths for cement
mortar and concrete mixes.
 33.2% increase of the compressive strength was recorded
for mix C30LW at 60 days age over the control mix which
means 30% SF replacement of cement weight could be
achieved and gives better enhancement in compressive
strength when replacing tap water by LW in mixing.
 Based on XRD results, Portland cement based mixes mixed
with LW can consume large amount of SF compared with
those mixed with water.
 From durability point of view, when LW is used in concrete
mixing which contains SF, signiﬁcant delays in ﬁrst crack as
well as a decrease in the mass loss of steel bars are observed.
For such mixes, an extension of the service life time periods
is expected.
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